The article introduces a new solution approach to grid-connected single-stage three-phase PV inverter whereby a dc-link voltage can successfully achieve the desired performance. As a singlestage, the variable output of perturb and observe maximum power point tracking (P&O based-MPPT) is fully utilized as dc-link voltage reference in inverter control scheme. As a result, it is challenging for the dc-link voltage to preserve energy balance by tracking its variable dc-link voltage reference under unpredictable environmental changes. To overcome this challenge, an adaptive reference proportional-integral (ARPI) controller, self-tuning, is designed and implemented to compel the dc-link voltage tracking its voltage reference to be equal as closely as possible; hence, the capability of the dc-link under abnormal events substantially guarantees the best energy balance and transient performance enhancement. To verify the validity of the method, simulation results for multiple events scenarios on 250 KW single-stage grid-connected PV systems show the effectiveness of the ARPI controller compared with PI controller.
safe and stable operation of delivered power. Therefore, it is increasingly significant to find out possible solutions for the issues of reactive power, accurate power flow and power quality in PV systems [6] . In [7] , a great effort has been dedicated to investigating ample solutions through various reactive current controls. Similarly, an interesting solution approach to the issue of power quality has been addressed by [8] . Furthermore, the study in [9] was explicitly focused more on adaptive control of reactive power through coordination to enhance the power quality in distribution system along with large scale of PV systems.
Different advanced MPPT control techniques [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] have been proposed aiming at simply extracting the maximum energy production from the specified capacity in renewable energy conversion [10] . The aim of this article is not associated with reviewing the effectiveness of MPPT techniques; however, these techniques of MPPT control such as perturb and observe (P&O) [11] [12] , incremental conductance (IC) [13] [12] , parasitic capacitance [14] , constant voltage [15] are commonly applied to obtain maximum power point in grid-connected PV system. Moreover, artificial intelligence including fuzzy logic and artificial neural networks based MPPT is mostly combined with the previous conventional MPPT methods in the literature in order to accurately improve the tracking speed [16] . MPPT based on genetic algorithms to deal with nonlinear objective functions [17] , fuzzy logic (FC)-based MPPT controller [18] and artificial neural networks (ANN) based MPPT controller [19] . As pointed out in [20] , a variable step length of the MPP using incremental conductance was revealed in order to increase the PV power efficiency and stability in single-stage inverter.
For dc-link voltage regulation in single-stage grid connected PV inverter, power loss is rather less, and hence efficiency is better due to single-stage DC-AC power conversion. The control of three-phase three-level PV inverter is designed and implemented by controlling dc-link voltage so that it can sustain the best balance between generated PV power and the utility or distributed networks. Moreover, it controls injected grid current to the grid to cope with generated power quality. A few references have discussed dc-link voltage control in single-stage and stability, so it merits further explorations. For example, as pointed out [21] , a single-stage topology has promoted the power produced under partial shading status by enhancing MPPT capability. The enhancement of the dc-link voltage control along with reactive power compensation using feedback linearization technique for single-stage PV system was represented in [22] . Likewise, in [23] , an active power decoupling control of single-stage single-phase dual-bulk inverter designed aims at directly controlling the dc-link voltage. Thus, it turns out that the dc-link voltage is equal to the PV voltage in single-stage inverter. In [24] , the stability of the dc-link voltage in single-stage PV system connected to weak grid was analyzed. It is worth noting that the more generated PV power supplies, the more negative impact on dc-link voltage happens, and hence reduces the stability margin of the inverter.
Using a proportional-integral (PI) controller in voltage control scheme is simple and advantageous for voltage stability, but from its drawbacks, its mainly depends upon trial and error design, or long computation process in optimization as an off-line tuning [25] [26] [27] [28] , and therein lay the cause of its ineffectiveness comparing with adaptive controller.
Most of the previous studies have not taken into account capability of adaptive voltage controller. Thus, in this framework, the study presents an adaptive reference proportional integral (ARPI) voltage control in a new way which is designed and implemented as online tuning for the dclink voltage stability. However, a key limitation of this operation is that when a maximum power point (MPP) produces a new voltage reference, this voltage reference is essentially limited by different levels of solar irradiance and temperature. Because of that limitation, the dc-link voltage becomes variable afterward. Therefore, it is a challenge to regulate dc-link voltage to track the new voltage reference.
Key contributions to single-stage three-phase grid-connected PV system are dedicated to enhance variable dc-link voltage stability. As a dc-link voltage is generally responsible for holding the best power balance, a proper controller is needed to improve stability of grid-connected PV inverter whereby it is enhancing the dc-link voltage performance. To that, an adaptive reference integral-proportional (ARPI), online, is designed and examined in voltage control scheme. This devised ARPI aims at regulating the dc-link voltage by tracking the dc-link voltage reference developed from MPPT. The performance enhancement is further investigated through several tests. These tests such as immense variations of solar irradiance and temperature, short-circuit fault, and voltage dip are ample to distinguish performance capability of dc-link voltage-based ARPI controller compared with PI controller.
System Description
Consider a single-stage three-phase grid-connected PV system shown in Figure 1 . As a singlestage three-level inverter, the inverter control unit greatly comprises of MPPT control, voltage control and current control, phase locked loop (PLL) synchronization, and pulse width modulation (PWM) generator.
Feature of the single-stage grid-connected PV system.
Photovoltaic Module.
As described in Figure 2 
Photovoltaic and MPPT Technique
Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 September 2019 doi:10.20944/preprints201909.0236.v1
According to extensive study in [29] , the P&O based MPPT implemented in single-stage microinverter guarantees 0.98 power factor of the system, 4.7% total current distortion (THD), and 93% efficiency of the inverter. for the dc-link voltage scheme. In the system configuration seen in Figure 1 , a dc-dc converter is not comprised. Consequently, the three-phase inverter control unit relies heavily on such as P&O based-MPPT output, feedback dc-link voltage measurement, and feedbacks of the grid voltage and current to regulate the three-phase switching of the inverter. Single-stage three-phase PV inverter is explicitly shown in Figure 1 . A variable step is improved in P&O based-MPPT controller whereby it adopts different step length values by increasing or decreasing voltage and eventually determines new dclink voltage reference * dc V . It is meritorious that a devised ARPI is capable for online tuning parameters so fast in voltage control scheme, and promises good performance in the event of faults.
Adaptive Single-Stage Inverter
The key role of the ARPI controller is to compel the dc-link voltage to track its new reference as closely as possible. Consequently, the best balance between generated PV power and grid is efficiently maintained with better transient performance.
Proposed DC-link Voltage Control.
Numerous control techniques such as [5] , [9] - [10] and [21] [22] [23] [24] have been proposed and implemented to regulate the dc-link voltage. Owing to abnormal conditions such environmental changes and voltage dip events in PV system, solutions of the control problems have increasingly been enhanced, especially for dc-link voltage control in order to maintain a power balance between generation and grid. Through control of direct current axis, the dc-link voltage control in single-stage inverter can be successfully achieved and the injection of real power can be controlled accordingly. However, the pragmatic control scheme in the framework first exploits the error (between variable dc-link reference voltage and measured dc-link voltage) for adaptation of the control parameters of adaptive reference integral-proportional (ARPI) controller. 
where pv P , pv i , pv v are the output PV power in watt, output PV current in Amp, and output PV voltage in volt, respectively. Moreover, d i is a direct current axis in Ampere to control the active power to the grid. d v describes the direct voltage axis in volt. dc V denotes a dc-link voltage in volt aimed at maintaining the best balance between generation and grid.
Simulation Results and Discussion.
To verify the validity of the proposed control approach, consider 250KW single-stage threephase PV system given in Figure 1 which was simulated using MATLAB/SIMULINK. Various case simulation scenarios, applied to the given system, aim at testing the enhancement and capability of the dc-link voltage using ARPI controller, and hence they are compared with PI controller. PI control parameters are obtained as outlined in table 1. The results, including three simulation scenarios are implemented and discussed below.
• Scenario1: the effect of environmental changes.
• Scenario2: the effect of environmental changes along with short-circuit fault simultaneously. • Scenario3: the effect of environmental changes along with voltage dip simultaneously. Consider weather changes on PV panel which mainly affects on output PV power afterward.Thus, capability assessemt of overall PV plant is required under such effects, particularly for power balance through controlled dc-link to accomplish the best match between output PV power and demand power. Figure 6a . Likewise, as depicted in Figure 6b , the performance result of the dc-link voltage-based PI controller seems to be sluggish to follow dc-link voltage reference. On the other hands, the significance of the ARPI's finding is that the dc-link voltage based-ARPI controller guarantees faster and smoother transient performance over random variations of solar irradiance and temperature. Furthermore, dc-link voltage based-ARPI is to converge to its dc-link voltage reference with less overshoot in multiple variations. It is important to point out that the key reseaon behind the variable dc-link existance as seen in Figure 6b mainly attributes to the variations of irradiance levels. In Figure 6c -d, it has been found that the voltage at point of common coupling (PCC) and grid power have been affected by continuous weather variations on PV panel. Simulation results in Figure 7 illustrate the effects of simultaneous weather changes and shortcircuit fault placed from 1.9 sec to 2 sec. As shown in Figure 7a , owing to weather changes as main inputs to PV panels, it is reflected in the reduction of output PV power continously. In case of singal stage inverter, deriving MPPT out of random output voltage and current to generate a new voltage reference causes the variable dc-link voltage reference. As can be seen from Figure 7b , the dc-link voltage-based PI controller is not as effective as the dc-link voltage-based ARPI controller. As depicted, the dc-link voltage using ARPI controller is explicitly less affected by the short-circuit fault placed from 1.9 sec to 2 sec, and is rapidly tracking the variable dc-link voltage reference * dc V to uphold the best balance between generated PV power and grid power during continuous weather changes. Such case is also depicted in Figure 7c -d, voltage at pcc and grid power having capability to overcome the applied three-phase short-circuit fault from 1.9 sec to 2 sec can presume to its continuous weather changes as expected.
Scenario 2: The effect of enviromental changes along with voltage dip.
Note that causes of the voltage dip in grid-connected PV system can be nonlinear load variations, large load connections. As a result of that, voltage dip leads to oscilating output voltage and output distorting current in grid side. To illustrate the results of the singal stage PV system over environmental change along with voltage dip, the simulation is performed under the effects of weather change and voltage dip as shown in figure 8 . In Figure 8a , the PV power output was mainly affacted by atomsphere. Figure 8b shows that unlike dc-link voltage-based PI, the dc-link voltage based ARPI has a fast and smooth convergence to the new voltage reference as closely as possible. It is significant that the tracking error between dc-link voltage reference and its measured dc-link voltage reaches zero to ensure stability of dc-link in order to maintain the best power balance. As described in Figure 8c , the voltage at PCC was explicitly presumed to its effect of continuous weather changes as expected after voltage dip had released. Likewise, the result of the enhanced grid power as seen in Figure 8d performs like the output PV power despite of unpredictable events.
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Conclusions
Single-stage PV system has been investigated in multiple case simulation scenarios to examine the capabilities of the ARPI on dc-link voltage control when P&O-based MPPT generates new dc-link voltage reference. Because of stable online adaptation, the control action of ARPI always performs faster than PI controller. It is therefore desired to point out that the capability enhancement has demonstrated the significant results of ARPI compared with PI controller used in voltage control. Despite abnormal events like environmental changes, short-circuit fault and voltage dip, ARPI has enhanced transient stability performance of the variable dc-link, and the best power balance between output PV power and grid was preserved as expected.
